The spontaneous emission decay in a photonic crystal slab nanocavity with a GaInAsP quantum well active region was measured at room temperature. Even far below lasing threshold, the decay was much faster than that for the as-grown wafer. A consideration including the enhanced spontaneous emission rate by the Purcell effect, intraband relaxation of carriers, nonradiative surface recombination, spatial hole burning, and carrier diffusion enabled us to explain different decay lifetime between on-and off-resonant conditions and between different size cavities. As a result, Ͼ16-fold shorter spontaneous emission lifetime was estimated, which strongly suggests the existence of a large Purcell effect. Purcell predicted that the spontaneous emission (SPE) rate is essentially enhanced in a high Q microcavity.
Purcell predicted that the spontaneous emission (SPE) rate is essentially enhanced in a high Q microcavity. [1] [2] [3] This so-called Purcell effect has been experimentally studied in semiconductor microcavities such as microdisks and multilayer stacks with an (AlGa)InAs quantum-dot (QD) active region at cryogenic temperature. [4] [5] [6] The two level system of electrons in QDs and the suppression of nonradiative recombinations at cryogenic temperature simplified the evaluation of this effect, and a Purcell factor F (degree of the enhancement) of 2-15 was estimated. However, a more common situation in microcavity studies is those with a quantum well (QW) active region at room temperature. Previously, we reported the observation of Purcell effect in a GaInAsP compressively strained (CS) QW microdisk at room temperature. 7 The InP based material is advantageous due to its small surface recombination velocity. 8 In that study, the shortening of carrier lifetime was observed in the phaseresolved photoluminescence (PL) measurement. By considering the intraband relaxation in continuous electronic bands of QWs and the surface recombination at disk surface and sidewalls, F was estimated to be 6.7. In this letter, we demonstrate a larger Purcell factor in a photonic crystal (PC) point defect nanocavity, which has an ultrasmall effective cavity volume (modal volume). [9] [10] [11] The time-resolved measurement was carried out instead of the phase-resolved one to observe directly the SPE decay. Consequently, faster decay was observed particularly under on-resonant condition. One could consider that the result is similar to that for the QD active region at cryogenic temperature. However, this letter describes a more complex picture, which relates Purcell effect with spectral and spatial dynamics of carriers and explains observed phenomena more reasonably.
In the experiment, two different cavities were fabricated into a triangular lattice PC slab, i.e., H1 cavity of single missing airhole and H7 cavity of 127 missing airholes with three crossing line defects, as shown in Fig. 1 . In H1, six innermost airholes are made smaller to improve the Q factor. 11 In H7, three line defects are used as photonic band gap mirrors at a narrow cutoff frequency range of line defects, which is effective for the limitation of resonant modes. 12, 13 Structural details and the fabrication process are the same as those in 13; the lattice constant is 0.44 m, the airhole diameter 0.24 m, the slab thickness 0.25 m, and the active layer a GaInAsP CS QWs with a PL peak wavelength = 1.58 m. The photopump measurement of fundamental lasing characteristics was carried out at room temperature with = 0.98 m pulsed laser light (75 ns pulse width, 10 kHz repetition frequency, and 5 -6 m focused spot diameter). The lasing wavelength is around 1.6 m, the threshold irradiated peak power P th are 1.5 and 2.5 mW for H1 and H7 cavities, respectively. The threshold for H1 is higher than those in previous papers, [9] [10] [11] due to the wider pump spot diameter and the insufficient optimization of the cavity. Observed double peak spectrum and a finite difference time domain (FDTD) simulation indicate that the lasing was obtained by dipole modes. From expanded double peaks observed below threshold, Q was roughly evaluated to be 1000. On the other hand, H7 exhibits the single mode lasing. However, three or more resonant modes were observed below threshold against the continuous wave pumping even with the three line defects.
In the measurement of the SPE decay at room temperature, yttrium-aluminum-garnet laser light at = 1.06 m (0.56 ns pulse width and 12.52 kHz repetition frequency) was used for pumping. The focused spot diameter was expanded to ϳ17 m to avoid the burn-in of the device surface. This diameter almost covers the whole area of a device. As a detector, a photomultiplier tube (Hamamatsu Photonics R5509-72) was used, which was mounted on a monochrometer with 1 nm resolution. The output signal was evaluated by photon counting, and the decay lifetime was obtained by deconvolution analysis against the pump pulse. The time resolution of the measurement is ϳ1 ns, and the fastest limit of evaluated lifetime is 0.2-0.6 ns, which depends on the noise floor level. The detected power is moderately weakened so that the photon counting condition is maintained. Figure 2 (a) shows the decay for H1 under on-resonant condition against various pump levels P. Here, P ϳ 0.1P th is lower than the population inversion level. At far above and below the threshold, the decay lifetime reached the fastest limit 0.2-0.6 ns. Figure 2(b) shows the difference between on-and off-resonant conditions at P ϳ 0.1P th , where offresonance means ϳ15 nm shorter wavelength than the resonant mode. The off-resonant condition exhibited a longer lifetime of 1.5 ns. Figure 2 First of all, the short lifetime of Ͻ0.6 ns even at P ϳ 0.1P th strongly suggests the existence of the Purcell effect. This expectation is supported by the difference between onand off-resonant conditions. However, the story is not the same as that for the QD active region at cryogenic temperature. Figure 3 schematically illustrates the difference between the stimulated emission (STE) in a normal laser and the enhanced SPE by the Purcell effect in a microcavity laser. Above threshold, the carrier density is cramped (therefore, sp is fixed) in a normal laser, and the fast decay by the STE occurs regardless of sp . On the other hand, even with the Purcell effect, the modified SPE lifetime sp Ј is given by the sum of the SPE rate for all optical modes due to the fast intraband relaxation of carriers with a typical lifetime of 0.3 ps. 7 This means that no differences should be observed between on-and off-resonant conditions; fast decay by the Purcell effect should occur even under off-resonant condition.
Another candidate phenomenon that explains the observation is the spatial hole burning of carriers. Because of the large pump spot, detected light includes emissions from inside and outside of the cavity. However, the resonant emission must be coming from the cavity. If the resonant mode suffers Purcell effect, excited carriers in the cavity will disappear quickly and form a spatial hole. Figure 4 shows twodimensional carrier distributions after pumping, which are simulated by the FDTD-like analysis of laser rate equations including the cavity mode profile, the Purcell effect, the surface recombination, and the carrier diffusion. 15 Here, standard material parameters 16 including a typical carrier diffusion constant D of 2 cm 2 /s, Q = 1000, and a low pump level below the population inversion level are assumed. In addition, normal SPE and 60-fold faster SPE are assumed for carriers spatially overlapping with the laser mode in Figs. 4(a) and 4(b), respectively. For the normal SPE, the carrier density takes maximum in the cavity where the surface recombination is relatively low. For the faster SPE, a clear spatial hole appears in the cavity due to the fast carrier decay. Once the spatial hole is formed, the decay lifetime is limited by the carrier diffusion from outside of the cavity. On the other hand, what we observe under off-resonant condition is thought to be not the off-resonant emission from the cavity but the emission from the wide area outside of the cavity. The decay lifetime on this condition is determined by sp of the material (nearly equal to the wafer lifetime wf , surface recombination lifetime sf at sidewalls and surfaces of the PC slab, and the carrier diffusion into the cavity. However, the   FIG. 3 . Schematics of emission decay by (a) STE in a normal laser and (b) SPE with the Purcell effect in a microcavity. FIG. 2. Observed emission decay. (a), (b) , and (c) compare different pump levels, on-and off-resonant conditions, and different samples, respectively. P th means the threshold power roughly estimated for H1 cavity by considering differences of the pump peak power and spot diameter between this measurement and the measurement for Fig. 1 , and by comparing the pulse width and carrier lifetime (see Ref. 14) . Here, the carrier lifetime is not the shortened lifetime by the Purcell effect but the lifetime simply determined by the wafer lifetime and the nonradiative lifetime (see Ref. 7) . It is assumed to be 3 ns as a typical value. dominant factor is the surface recombination. In our previous work, we experimentally evaluated the surface recombination velocity s for a PC based on the same material system to be 1.2ϫ 10 4 cm/ s. 8 From this value and the volume to surface ratio of the PC slab, sf is calculated to be 1.5 ns. It agrees well with the measured value for the off-resonant condition, and supports the earlier discussion. Let us check sf in the cavity. Accounting cavity areas to be from the defect to half of the innermost airholes, sf is calculated to be 2.7 and 6.6 ns for H1 and H7, respectively. Assuming sp = wf , the modified SPE lifetime sp Ј in these cavities are estimated to be Ͻ0.8 and 3.7 ns, respectively, which mean Ͼ16-and 3-fold shortening of sp .
According to the FDTD simulation, dipole modes in the H1 cavity have a very small modal volume V of 0.085 m 3 ϳ 0.4͑ / n͒ 3 . With this value and Q = 1000, the Purcell factor F ϳ 160 is estimated from the simple formula F = ͑p⌫ r 3 /4 2 n 3 V͒Q, 7 where p is the polarization anisotropy factor (=1.4 for the CS QW, i.e., 70% in-plane polarization) and ⌫ r is the relative confinement factor ͑=1.7͒. It is not easy to confirm this value in the experiment, since F is related with sp Ј as sp Ј = sp / ⌺FC, where C is the SPE factor and ⌺ is the summation with respect to all modes in the SPE spectrum. For H7, the multiple resonances complicate the evaluation of F and C for each mode. Even for H1, C was difficult to evaluate from the normal curve fitting method due to the weak light intensity below threshold. Regarding this cavity, Vučković et al. calculated C ϳ 0.4ϫ 2 for two dipole modes and in-plane polarized emission with a typical spectral width of 80 nm. 17 Even by considering the polarization anisotropy, we can expect C ϳ 0.3ϫ 2. From this value and the shortening of sp , F Ͼ 27 is estimated. This low value compared with the earlier estimation may be partly explained by the fastest limit of the measurement. Another possible explanation is the influence of the homogeneous broadening ⌬E h of electronic transition. The typical value of ⌬E h for GaInAsP at room temperature is 4.3 meV, and so ⌬E h / E = 0.0057. 7 Since it is wider than the cavity resonance, it can be a dominant factor, which changes the formula as F = ͑p⌫ r 3 /4 2 n 3 V͒ · ͑E / ⌬E h ͒. According to the formula, F is calculated to be ϳ28, which is much closer to the experimental value. This result suggests that, for the Purcell effect at room temperature, the small V is more important than the high Q.
In conclusion, Ͼ16-fold faster SPE, which was limited by the response of the detector and/or the homogeneous broadening of electronic transition, was experimentally confirmed in the GaInAsP PC nanocavity. This means that a subnanosecond response is possible even without STE, the population inversion, and intentional nonradiative recombinations.
